
t 

NASA TT F-10,201 
r )  

FEVIEN OF THE PRESENT SITUATION ON LASER RESEARCH 

E.David 

I UICCESSION NUMBER) 
v 

0 

b 

( U T E G O R I )  (NASA C R  O R  TMX O R  AD NUMBER) 

Translation of 16bersicht b i e r  die  derzeit ige Situation 
. auf dem IasergebietI1r 

I n s t i t u t  F’ranco-Allemand de Recherches de Saint-Iouis, 
Note Technique T 21/63. October 2, 1963. 

I 
Microfiche (MF) 

ff 653 July 65 

‘4 

NATIONAL AERDNAUTICS AND SPACE AC%IINISTRATION 
WASHINGTON JUNE 1966 



IUSA TT F.10. 201 

TABLE OF CONTENTS 

slllmwy ............................................................. 
Preliminary Remarks ................................................ 
1 . Theoretical Principles .......................................... 
2 . User Systems ................................................... 
3 . User Materials ................................................. 
4 . Function of Lasers .............................................. 

a) Idea l  Function ............................................... 
b) Efnission in Wpikes" ......................................... 

5 . Control of Iasers ............................................... 
a) External Modulation .......................................... 
b) In te rna l  Modulation .......................................... 
c) Decoupling Modulation ........................................ 

6 . Demodulation of the Light ....................................... 
7 . Prac t ica l  Applications of Lasers ................................ 

iii 

Page 

1 

2 

2 

5 

8 

10 

10 

13 
16 

16 

16 

17 

18 

19 



REVIEW OF THE PRESEXT SITUATION ON LASER RESEARCH 

E.David 

I 

A general review over t h e  papers presented a t  the  1963 New 

York Symposium on Optical Masers i s  given, including theo- 

r e t i c a l  background and future application of lasers. 

materials, types of lasers (solid-state, gas,  semiconductor, 

etc.), control of laser emission, types of modulation (in- 

Laser 

te rna l  and exLernal), excitation methods, and prac t ica l  a p  

pl icat ions a re  reviewed. The principle of continuous and 

spike mis s ion  i s  explained, without radical ly  new inter-  

pretation. 

Based on the I~Symposium on Optical Masersf1 in N e w  York, April 16 - 19, 

1963, a general v i e w  i s  given over the  en t i r e  f i e l d  of lasers. 

t i on  f i e l d s  discussed here include: 

P a r t i a l  applica- 

Theoretical principles: 

polarization . 
Laser systems: 

solid-state lasers, semiconductor lasers, method of excitation. 

Function of lasers:  

f e r e n t i a l  equation, timeinvariant radiat ion and radiation in spikes. 

Control of  laser mission: 

Forced emission, laseradapted  terms, nonlinear 

Principle of t h e  op t ica l  resonant cavity, gas lasers, 

Gain and loss i n  exci ta t ion and l i g h t  energy; dif- 

Possible methods, power requirement, and 

-x- Numbers in the margin indicate pagination in t h e  or ig ina l  foreign t&. 



performance . 
Demodulation: 

t i o n  of laser l ight .  

ApDlication of lasers. 

VHF modulated l ight ,  as corresponding reversal of modula- 

This sumnrary report i s  based on t h e  llSymposium on Optical Masers1! sponsored 

by the  Pomechn ic  I n s t i t u t e  of Brooklyn, i n  New York on April  16 - 19, 1963. 

Since this Symposium was attended by leading researchers in the laser f i e l d  from 

a l l  over t he  world, the state of the  art as of that year no doubt was adequately 

covered. 

a t  the  Physicists Meeting in h b u r g  on Sept.9, 1963. 

This assumption was also substantiated by papers on lasers presented 

The o d y  novel aspect was 

a l i g h t  source arrangement demonstrated at the  Meeting. /6 
The significance a t t r ibu ted  t o  the New York Symposium was evident not only 

from the large number of par t ic ipants  (about 1200) but also from the intro- 

ductory address, given, arnong others, by three t o p l e v e l  science and research 

d i rec tors  of the USA Air Force, Navy, and Army as well as by the  presidents of 

t he  IRE ( I n s t i t u t e  of Radio kgineers) and the  Optical Society of America. 

The following excerpt i s  a sc ien t i f ica l ly  grouped review which, so far as 

necessary, a l so  contains some of t h e  basic principles st ipulated in the  Sym- 

posium. 

confusing mult ipl ic i ty  of specific individual fac ts ,  

regular llProceedings of the Symposium11 t o  be published a t  the  end of 1963+’. 

Here, w e  w i l l  not give a list of the  47 individual papers with t h e i r  

This w i l l  be done i n  the  

1. Theoretical Principles 

The theore t ica l  principles were covered mainly in three in t roductoq  papers 

* John Wiley & Sons, Inc. N.Y., 1963. 
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by K a l l m a n  (New Pork), Bloembergen (Harvard University), and Wolf (Rochester). 

A s  i s  known, the fundamental effect of a laser i s  forced emission, known 

also as stimulated o r  induced emission, i n  contrast t o  sponianeous emission. 

The ez&tence of induce6 miss ion  had been theoreticaUy proved as early as 

the  very beginnings of quantm theory, based on the general Planck-Einstein 

f o r n u l a s  f o r  cavity radiation. 

byleigh-Jeans radiation l a w  i s  obtained also i n  the presence of radiation 

quanta. 

d i rec t  manner, the  concept of stimulated emission. 

studies on negative dispersion, was able t o  demonstrate the  existence of stimu- 

la ted  emission in a somewhat more d i r e c t  manner. 

Without induced emission, the c lass ica l  

Conversely, Planck's l a w  necessarily includes, although in a rather  in- 

fi In 1928, Ladenburg, in 

The existence of induced emission is  only one of the prerequisites f o r  

lasers. 

spontaneous mission which latter increases with v3. 

necessary in which the  t rans i t ion  probability t o  lower terms i s  infinitesimal 

or, i n  other words, in which a l l  normal t rans i t ions  are forbidden. 

Another one i s  t o  cause the  induced emission t o  predominate over the  

For this, energy terns are 

Whereas, f o r  allowed transit ions,  the t rans i t ion  probabili ty can be theo- 

r e t i c a l l y  computed with satisfactory accuracy, a calculation fo r  such forbidden 

t rans i t ions  becomes unreliable and inaccurate. 

accuracy in calculating nonradiative t ransi t ions that might possibly compete 

with radiative transit ions.  Thus, f o r  spectroscopicaUy obtained terms with 

sui table  properties, one can only predict the poss ib i l i ty  but never the  presence 

of a laser-suitable transit ion.  

Just  as great w i l l  be the in- 

On the  other hand, a theoret ical  treatment of the excitation of a laser 

level i s  no problem, provided tha t  t h i s  excitation takes place by opt ica l  pump- 

ing over the  detour of a higher level. Conversely, no f inal  explanation has 
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. 
been found f o r  the selective excitation of laser levels  by electron cornsion,  

as they are specifically observed in gas lasers. 

The geometric-optical, wave-optical, and diffraction-optical propagation 

b e h v i o r  of laser l igh t  does not differ from that of ordinary t h e m 1  l ight .  

For t h i s  reason, the theory cannot contribute anything new t o  this part icular  

/s 

f i e ld .  

glected, which really m a s  t ha t  one has always been calculating with laser 

l igh t .  

m e n t s ,  laser l i g h t  and thermal l i gh t  are equivalent since the fluctuation phe- 

nomena play no ro le  i n  the theory of opt ical  instruments. 

I n  the  theory of wave optics, f luctuation phenomma are generally ne- 

From this it follows d i rec t ly  that, f o r  the operation of op t ica l  instru- 

The decisive difference lies in  t h e  thermodynamic behavior. The i n i t i a l  

state in  a laser i s  an exci ta t ion s t a t e  (thermally not a t ta inable ,  wen a t  arbi- 

trarily high temperatures) a t  which a higher level is always more heavily popu- 

la ted  than a lower level. 

on concentration of the l i gh t ,  the  black radiat ion density of the  temperature 

of the in i t ia l  radiator must not be exceeded. Radiation dens i t ies  can be reached 

a t  which the  e l ec t r i c  f i e l d  strength of t he  l i g h t  wave has an order of magnitude 

of lo" v/un. 

s l i t  of 1 1-1 diameter. 

This eliminates the  thermodynamic r e s t r i c t ion  that, 

This means a radiation current of t he  order of lo00 kw through a 

Because of the high electromagnetic f i e l d  strength, transparent matter can 

be nonlinearly polarized in laser light.  

This leads t o  the production of harmonics, l i gh t  of double and t r i p l e  fre- 

quency, and generation of sum and difference frequencies on mixing with thermal 

l igh t .  This effect ,  which i s  qui te  impossible t o  obtain without laser l i g h t  and 

therefore has usually been disregarded in the theory, has been fully realized 

through the  invention of lasers (up t o  2% transformation t o  double frequency). 
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For t h i s  reason, the respective theory has been developed in more detail .  

Furthermore, the theory of coherence and fluctuation phenomena which, Lp 

unt i l  then, had been adapted t o  the conditions of thermal l i g h t  required a 

generalization. 

various segments of a luminescent area and also no timecoherence over periods 

that are long with respect t o  the  tes t ing period. 

In thermal l i gh t ,  no coherence e x i s t s  between l i g h t  emitted by 

2. Laser Systems 

An essent ia l  component of most lasers  i s  a mirror arrangement which r e f l e c t s  

and re-reflects l i gh t  and thus increases the  l i g h t  current density t o  the  re- 

quired magnitude. 

responds t o  tha t  shown in Fig.1. 

Such an op t i ca l  arrangement, i n  basic principle,  always cor- 

lenses with re f lec tors  in the i r  foca l  planes r e f l e c t  p a r a l l e l  l i g h t  

beams in to  themselves, no matter whether such a beam i s  exactly &symmetric o r  

s l igh t ly  inclined t o  the axis. 

manner . 
A t  l eas t  geometrically, no l i g h t  i s  l o s t  in this 

I n  prac t ica l  use, t he  lenses are replaced by concave mirrors, supplemented 

by re f lec t ions  on plane mirrors and v i r tua l  images. 

nothing on the basic principle. &en a simple arrangement consisting of two 

parallel mirrors can be considered a limiting case of Fig.1, with infinitely 

many ref lect ions and a concave mirror radius near infinite. 

However, this changes 

Gas lasers have the  advantage that  t he  setup can be a rb i t ra ry  so far as 

form and s ize  are concerned. 

the exci ta t ion density basically remains low. 

emission, gas-kinetic co l l i s ions  of the second kind remove energy from the m e t a -  

s tab le  ini t ia l  laser level. 

Such arb i t ra r iness  is even a prerequisite,  since 

I n  competition with stirmrlated 

Only a t  low gas density (pressure order of magni- 
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tude, torr) w i l l  the col l is ions not remove an excessive amount of energy. /10 
Even an increase in the excit ing electron current w i l l  not increase the excita- 

t ion  density by much; t h i s  density always passes a maxinnun. Therefore, the s i ze  

of the system (length, about 1 m) must be adjusted such that each photon, during 

its lifetime in the laser volume, induces - on the average - the  emission of 

exactly one new photon. 

exci ta t ion on the  one hand and losses and continuous laser emission on the other 

hand. 

e l e c t r i c  excitation, attempts were also made t o  obtain excitation by chemilumi- 

nescent gas reactions. 

in this manner. 

In this case, equilibrium w i l l  be established between 

The emissivity i s  here located in  the  m i l l i w a t t  range. In  addition to  

However, actual laser emissions have never been obtained 

I n  solid-state lasers, the  excitable atoms, usually rare ear th  ions, are 

This eliminates exci ta t ion losses by sol idly b u i l t  in to  the c r y s t a l  l a t t i ce .  

coll isions.  In addition, the excitation density, in order of magnitude, i s  

greater than in the gas. The embedding crys ta l  l a t t i c e  strongly a f f ec t s  the  

opt ica l ly  act ive atoms. 

example, frequencyidetuning) effects. 

path in the  laser ,  acting a s  opt ica l  inhomogeneities. 

consequence that the threshold value of the excitation density, a t  which the  

laser function sets in, i s  greatly raised. 

crystals,  continuous laser emission i s  readily obtained with some while others, 

For this reason, l a t t i c e  defects a c t  as irregular ( for  

In  addition, they in t e r f e re  with the ray 

Both phenomena have the 

I n  the  case of apparently equal ruby 

in turn, have threshold values of considerable magnitude. 

poorly defined differ ing behavior interferes  greatly with prac t ica l  application. 

For this reason, General Electr ic  and other Companies, in t h e i r  manufactured 

l a se r  systems in most cases replace the c rys ta l s  by laser rods of gadolinium- 

doped g lass  which are much easier t o  produce. 

Naturally, such a 

However, the performance of such 
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lasers i s  not a s  high a s  t o  make further development of more e f f i c i en t  c rys ta l s  

superfluous /11 
The xenon f l a s h  tubes, furnishing the  pump l igh t ,  are arranged in a specular 

casing around t'ne laser rod. 

Halske, Munich) at  the  Physicists Meeting in Hamburg, to make use of the f a c t  

that  an e l l ipso id  of revolution i s  able t o  map the two segments between focus 

and vertex as a whole a t  oneto-one correspondence. 

i l lmiinat ion of the laser rod and prevents the  interfer ing effect  of heat and 

magnetic f i e l d  of the h p .  

It is  preferable, as reported by Rb'ss (Siemens & 

This permits a mre uniform 

The sharply defined wavelength, emitted by a laser, i s  determined also by 

the  random and re la t ive ly  inconstant opt ical  resonance frequencies of t he  mirror 

system. 

Schawbw of Stanford University made an attempt t o  obtain laser action with large 

crystals,  using a t  most a terminal mirroring. 

To obtain a frequency standard dependent only on the atomic size,  

Also op t i ca l  t ransi t ions in transparent semiconductors can be used f o r  

lasers. I n  question are t rans i t ions  between conduction and valence band, be- 

tween conduction band and acceptors, between donors and valence band, between 

donors and acceptors, t rans i t ions  with and without pulse variation, Le., with 

and without simultaneous emission of a photon. htil now, only one system has 

been realized: laser emission in the region of a p n  junction in GaAs, produced 

by a t rans i t ion  between conduction band and acceptors, whose frequency i s  located 

in  the  near infrared. 

a magnitude of only 3 p 0.1mm 0.5 mm. 

ingly low, being of the order of 1 w. 

of conversion of e l ec t r i c  energy in to  l igh t  energy. 

current above the  threshold value, an efficiency up t o  50$ is obtained. 

The radiat ing v o h e ,  in the design in question here, has 

The power consumption i s  correspond- 

However, of interest i s  the eff icacy & 
Counting only the  excit ing 

In the 
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vanishingly smal l  act ive volume, t he  excitation density i s  so high that laser 

emission takes place without the use of light-current amplifying mirmrs. 

3 .  Laser Materials 

For gas lasers, a l l  inert gases have been investigated; u n t i l  now, about 

160 different laser frequencies in t he  infrared were found up t o  wavelengths of 

28 p. It i s  by no means impossible that a l so  longer wavelengths are emitted a s  

laser radiation, since the  detector used u n t i l  now had a sens i t iv i ty  only t o  

30 CL. 
In contrast t o  thermal infrared radiation, the intensi ty  of these infrared 

radiat ions i s  by several orders higher so that, fmm the sc i en t i f i c  and p rac t i ca l  

viewpoint, entirely new perspectives are opened f o r  the infrared region. 

f i l l s  an essential par t  of the  gap between infrared and microwaves. 

t h i s  gap w i l l  be completely f i l l e d  by lasers, e i ther  d i rec t ly  or  ind i rec t ly  over 

This 

Hopefully, 

arrangements of the waveguide ty-pe. 

Other gases, such as readily fluorescent organic gases, may be in  question 

although they a re  not as convenient as the  noble gases which can be excited by 

electron collision. 

For solid-state lasers, it i s  mainly the  rare ear th  ions that have sharp 

t rans i t ions  with suitably low t ransi t ion probabili t ies.  These ions may be in- 

corporated into the l a t t i c e  e i the r  i n  the divalent o r  trivalent fonn, which 

makes a considerable difference in the  spectra. 

I n  view of t h e i r  possible use f o r  laser purposes, a l l  spectra of the  ai 
rare ear th  metals were recorded anew. On the  basis  of only the spectra o r  term 

schemes, it cannot be re l iab ly  predicted which t rans i t ions  might be sui table  f o r  

laser act ion since the  host crystal  into which the  ions are incorporated has a 
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major influence on the  t rans i t ion  probabilities. To this mst be added the  in- 

fluence of other atoms in the c rys t a l  l a t t i ce ,  specif ical ly  of a l k a l i  atoms. 

These r e e s t a b l i s h  the  equilibrium wfien t r iva len t  rare ear th  ions are incorpo- 

ra ted  in to  a divalent crystal. A crys ta l  substance of excellent su i t ab i l i t y  f o r  

lasers i s  calcium tungstate; h o m e r ,  the growing of good crystals  is st i l l  an 

unsolved problem, 

Other substances in question are various types of g lass  as w e l l  as p l a s t i c s  

and l iquids.  The two lat ter can be mixed with fluorescing organic molecules as 

radiat ing substance. &en i n  these more o r  less amorphous embeddings, the  radi- 

a t ing  atoms o r  molecules show a s l igh t ly  differ ing behavior depending on the  

cementing substance. SpecificaUy the threshold value of the  excitation densi- 

t y  i s  affected. 

I n  view of the  great mult ipl ic i ty  of the  poss ib i l i t i e s  and the  usually 

considerable d i f f i cu l ty  of incorporating the substances in to  an optical ly  hom- 

geneous low-impurity l a t t i c e ,  with uniform dist r ibut ion of the desired atoms, 

it must be expected that considerable time will elapse before a l l  poss ib i l i t i e s  

have been thoroughly checked and before r e l i ab le  fabr icat ing methods f o r  optimum 

materials have been developed. 

Accordingly, no predictions can be made on the possible results. Might it 

be possible t o  cover the entire v i s ib l e  region with laser frequencies and might 

uniform as w e l l  as spike emission be obtainable at  will at the  various frequen- 

cies? Up t o  what power can this be obtained? What w i l l  be the  most sui table  /uc 

and optimm laser substances i n  a few yea r s  from now? 

are st i l l  en t i re ly  open. 

These and other questions 

The poss ib i l i t i e s  f o r  semiconductor lasers are just as vague at  present. 
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4. Function of Lasers 

a) Idea l  Function 

A photon,traveUng in the laser l igh t  beam, w i l l  be absorbed by an atom in  

the  lower state of the  laser transi t ion with the  same probabili ty as it w i l l  

stimulate the  emission of a second photon traveling i n  the  same direction and 

a t  equal phase, f o r  an atom in the upper state. To permit an intensification 

of the laser l igh t ,  more than 50% of t h e  atoms capable of laser t rans i t ion  must 

be in the  upper state, 

in which the lower state simultaneously i s  the  ground state. 

laser, the  lower state i s  a practicaUy unoccupied level with a high t rans i t ion  

probabili ty t o  the ground state, 

spacing between initial and ground l eve l  i s  tripartite, this scheme w i l l  be of 

significance only f o r  infrared laser t ransi t ions and probably w i l l  never be of 

importance f o r  t rans i t ions  in the  v i s ib l e  region. 

Naturally, this applies only to the  threelevel laser 

I n  a four-level 

Since, in the four-level scheme, the  energy 

Alone the  maintenance of t he  50% excitation state of a three-level laser 

requires a cer ta in  pump power, i.e., a continuous transport  of atoms into the 

upper state, The following losses  must be covered here: 

1) spontaneous emission; 

2) nonradiative transit ions.  

Spontaneously emitted photons travel almost always in the  wrong direction B.5 
and leave the  laser. 

the  f a c t  that one o r  several might form the or igin of the laser emission, 

rad ia t ive  t rans i t ions  may be of manifold type. 

portant r o l e  i s  played by gas-kinetic col l is ions of the second kind and coll i-  

sions between excited atoms and exciting electrons, leading t o  a cancelation of 

the  excitation itself. 

For this reason, they must be considered a loss despi te  

Non- 

In a gas laser, the  most im- 

These two phenomena limit the gas pressure and the  
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exci t ing electron current and thus also the  overal l  performance of the laser. 

The losses  due t o  spontaneous emission and nonradiative t ransi t ions are propor- 

t i o n a l  t o  the number of excited atoms, 

A laser l i g n t  beam, rer"iected back and for th  between the  mirrors of the  

laser, undergoes losses proportional t o  itself, produced by 

3 )  absorption during reflection; 

4 )  effect ive l igh t ,  transnitted through a semitransparent mirror; 

5) l i g h t  diffracted along the  mirror edges; 

6)  absorption within the laser material (other than tha t  produced by 

the laser t rans i t ion  itself) ; 

7) scattering within the laser material and on the mirror surfaces. 

The losses  3 )  t o  7) necessitate an exci ta t ion 50% above the defined amount, 

so as t o  just  about permit an increase i n  photons within the  laser, by stimulated 

emission. 

This maximum required excitation f o r  i n i t i a t i o n  of the laser action i s  co- 

ordinated with cer ta in  losses as mentioned under 1) and 2). If the pump power 

i s  higher, a state of equilibrium w i l l  be established with a certain l i g h t  beam, 

re f lec ted  back and f o r t h  between t h e  mirrors, and a cer ta in  t ransni t ted e f fec t ive  

l i g h t  beam, 

Expressed mathematically, this approach t o  equilibrium reads as f o l l o w s :  &- 
cfw 

= B(n2 - n,) w - Dw, 

4 n 2  - n,) w - AII~  + pnl, dn2 - =  
d t  

r q + n 2 = N  (3  1 
where w = number of photons i n  the reflected and re-reflected l i g h t  beam; 

r+ = number of atoms in the lower laser level; 
n2 = number of atoms in the upper laser level; 

ll 



N = t o t a l  number of atoms in which laser t rans i t ion  i s  possible; 

t = time; 

A, B, D, P = constants. 

The tern B(ii2 - 3, )vi represents the difference between the  hduced-anittec! 

photons and the  photons absorbed by the lower level of the  laser transit ion.  

This term also occurs in eq.(2) since, f o r  the emission (absorption) of a photon 

a decrease (increase) by 1 of the  number of atoms in the  uppr  state is  neces- 

sary. The second term Dw represents the  l i g h t  losses 3) t o  7). 

In eq.(2), An2 represents the losses 1) and 2), w h i l e  Pq contains the ex- 

c i ta t ion  produced by pmping. 

and presumably also the most frequent case. 

apply. 

asymptotically tend toward a maximum value. However, such fine differences 

produce no qual i ta t ive changes in  the  laser action. 

The proportionality with % i s  the most log ica l  

However, this need not necessarily 

For example, the pump power may increase s o m e w h a t  a t  high n, o r  may even 

In  the  equilibrium case, Le., at vanishing time derivatives, eqs.(l) - (3) 

have the  solutions: /17 

A s  a consequence of the  homogeneity of eq.(l), the  =citation densit ies,  

according t o  eq.(4), become independent of the  pump power. 

Equations (4) and (5) d i rec t ly  give the  case when no laser action can occur. 

F i r s t ,  a t  too low a t ransi t ion probability B and too high an opt ica l  Loss D, 

with respect t o  the  given number N of excitable 

t o  obtain n, < 0, n2 > N. Second, the quantity 

n i t e l y  prescribes the losses An2 by spontaneous 

atoms, it might become impossible 

n2, according t o  eq.(4), defi- 

and nonradiative t rans i t ions  in 



eq,(5). If the pmp power % does not exceed these losses, w = 0 w i l l  ranain, 

meaning no laser l i gh t  w i l l  be produced. 

ca l ly  no changes a re  produced if, instead of t he  proportionality P q, a 

functional dependence P(n,) i s  used, 

Incidentally, this proves that practi- 

The idea l  case i s  fairly well realized in gas lasers, The stipulated 

spa t ia l ly  uniform density of excitation and the  uniform density of the emission- 

stimulating l i g h t  beam are not applicable here, but the gas-kinetic motion of 

t he  excited a t o m  compensates f o r  this. 

In the case of solid-state lasers,  t he  time-invariant radiation, according 

t o  eq.(5) and according t o  the p u p  power, i s  observed only in exceptional cases. 

I n  most instances, the  rad ia t ion  takes place i n  I1spikes", Le,, in d iscre te  /18 
radiation pulses of about 1 - 30 psec duration, a t  time intervals of approximate 

l y  100 psec t o  several hundred. In height and time intervals,  t he  spikes show 

a multiple statistically random distribution, 

Naturally, this does not interfere with prac t ica l  application. Therefore, 

it i s  desirable t o  regulate the spikes e i the r  by theoret ical  def ini t ion o r  by 

experimental control of the l i gh t  emission, 

Experimental data, according t o  several papers presented a t  the  Symposium, 
* 

indicate  that uniform radiation can be obtained only a t  a re la t ive ly  low threshold 

value, i.e., a t  l o w  n2 according t o  eq.(4) and a t  relatively high pump power, 

A discriminating condition, such as an expression derived from the constants of 

eqs.(l) and ( 2 ) ,  could be expected. However, none of t he  participants in the  

New York Symposium mentioned such a condition. 

The occurrence of spikes could be readi ly  explained if eqs.(l) and (2), a t  



I 

su i tab le  coefficients would have unstable solutions. 

always furnish solutions whose value i s  attenuated t o  the equilibrium values ( 4 )  

and (5) . A typ ica l  example fo r  the strongly anhamonic vibration a t  high ampli- 

tude i s  shown h Fig.2 (computed a t  the Saint-bais Institute, h t  =et reported 

a t  t h e  msium!).  

coincide i n  50 far as,  under the  above-mentioned experimental conditions of con- 

tinuous radiation, the calculation results i n  a strongly damped l i t t l e  vibrat ing 

OF nonvibrating approach t o  the equilibrium value. 

However, the equations 

From a qual i ta t ive viewpoint, calculation and experiment 

A t  the  Symposium, a Japanese author made an attempt t o  render eqs.(l) and 

(2) unstable by introducing a fac tor  (1 - ew) a t  B. 

t i o n a l  term would be of no significance. 

i l i a r y  term becomes mathematically effect ive but physically impossible since /19 
this would m e a n  that the loss i s  transformed in to  a gain. 

So long as ew e, 1, this addi- 

However, as soon as ew > 1, the aux- 

I n  two points, the system of equations (1) - (3) does not correspond t o  

r ea l i t y :  

1) The vibration mode of the laser l i g h t  is never i d e a l  in prac t ica l  cases, 

and the  density of the l i g h t  beam i s  ir regular ly  dis t r ibuted within the  laser 

material. 

t y  of the  excitable and excited centers, normally, i s  not ideal-homogeneously 

distributed. Specifically, the laser l i g h t  vibrates  in standing waves. In the 

nodes of these waves, no emission i s  induced and the  exci ta t ion persists. Only 

during a jump t o  other vibration modes can the  excitation decay in the t o t a l  

volume of the laser material. 

f o r  example, by Fabry-Perot frequency analyses of the laser l i g h t  of a ruby, re- 

corded in streak photographs. 

Tolcyo, showed s t a t i s t i c a l  light-frequency f luctuat ions with periods of about 

In addition, the current density of the  excit ing l i g h t  and the densi- 

These conditions were experimentally confirmed, 

These investigations, made at  the University of 



1 psec within the individual spike. 

this complex statistical process, which i s  individually not analyzable, might 

leave eqs.(l) - (3) constant on the average o r  change them substantially. 

No decision could be made as t o  whether 

2) These continuous-macroscopically derived equations hold fo r  rrla;rgell 

numbers of photons, meaning tha t  they are valid,  with qualitatively insignifi- 

cant deviations, above 5 - 10 photons that are present in the laser in a certain 

vibration mode. 

number of photons, i n  accordance with the l a w  of exponents, increases up t o  the 

peak of the  spike t o  the  enormous value of 13" - l $ O .  

of va l id i ty  of the continuous equations i s  preceded by t he  decisive and t rue  /20 
i n i t i a t ion ,  namely, the s tep f r o m  0 to 1 photon and the strongly statistical 

s teps  from 1 to 2, 3, etc. photons. A considerable influence i s  exerted here 

by the  f a c t  that, fo r  a photon, the probability of being absorbed is not much 

less than the  probability of production of a second photon by s t i m l a t e d  e m i s  

sion. 

chain w i l l  break off again. 

As soon as this infinitesimal beginning has been created, the  

However, this beginning 

Thus, in the case of very few photons the probability exists that the  

A t  f irst  glance, it seems highly improbable that, i n  the enormous quantity 

of bright l i gh t  of the  exciting f l a sh  tube, focused by the  mirror, there should 

not be a certain number of llcorrectlt photons fo r  i n i t i a t ion  of laser emission. 

However, the  number of photons of t he  proper frequency i s  not very large in 

w h i t e  l i gh t ,  and these photons can reach the  correct propagation region in the 

proper space zone only by highly improbable scattering o r  diffract ion processes. 

This leaves only the photons spontaneously emitted in the laser material. 

numerical values, f o r  a standard s m a l l  ruby rod, presumably w i l l  be of the order 

of magnitude of: 

The 

excited atoms . .. . ... . . . . . . . .. . . . . . . . . . . . . Id' 
15 



spontaneously emitted photons .......................... per sec 

of this, in the  correct sol id  angle .................... I C 9  

of this, in the  correct frequency range ................. lo-' 

resulting i n  llcorrectrl photons, ......................... lo" per sec 

ire., on the average one every 10 psec. 

If, a t  the end of t he  spike, the  laser emission decays t o  zero photons, it 

i s  evident t ha t  the  next spike w i l l  start anew and in  a statistically random 

manner, with a single photon. However, it i s  s t i l l  an open question whether, in 

a l l  cases of the occurrence of spikes, a decay t o  zero actual ly  takes place in 

the intervals. 
/21 

I n  any case, it i s  a peculiar fact  that, exactly i n  the technical arrange- 

m e n t  i n  which the  momentarily highest and most concentrated quant i t ies  of l i g h t  

occur, individual l i gh t  quanta play a major and macroscopically detectable role. 

5. Control of Lasers 

For many prac t ica l  application purposes, one desires  a laser l i g h t  differ-  

ing from a chance configuration, meaning that control o r  modulation of the l i g h t  

i s  desired. For this, various poss ib i l i t i es  exist: 

a) External Modulation 

It is possible, specif ical ly  in the  case of gas lasers radiat ing continu- 

ously a t  low power, to modulate, by electro-optical o r  magneto-opticalmeans, 

t he  l i g h t  transmitted through the semipermeable mirror. 

b) In t e rna l  Modulation 

Since the  laser act ion i s  highly sensit ive t o  the resonance quali ty of the 



op t i ca l  resonant cavity, even a minor modification may have major consequences. 

C )  Dec0u~I .h~  Modulation 

Only a very mall f rac t ion  of the internal l i g h t  beam of the laser i s  per- 

T h i s  can be re- mitted t o  emerge, f o r  example, through a semipermeable mirror. 

placed by a modulable weak decoupling. 

Erbernal modulation i s  t h e  simplest in principle, A l l  effects ,  useful  fo r  

control of ordinary l i gh t ,  can be used here: 

c i f i c a l l y  e l ec t r i c  birefringence of potassium and ammnium diphosphate crystals 

(KDP and ADP), multiple reflection K e r r  effect on t h i n  ferromagnetic films, 

periodic diffract ion on a standing supersonic f i e ld ,  and - specif ical ly  fo r  

monochromatic laser l igh t  - interference i n  a Fabry-Perot interferometer whose 

distance undergoes HF variat ions due t o  the  transverse vibrat ions of a quartz 

crystal. 

const i tutes  no problem f o r  almost a l l  o f  these methods. Conversely, the broad- 

band modulation in  the gigacycle range, desirable in comunications technology, 

o f f e r s  considerable d i f f icu l ty ,  

of the  order of kilowatts, which are extremely d i f f i cu l t  t o  diss ipate  as heat 

during continuous operation. 

Kerr effect ,  Faraday effect  spe- 

/22 

A narro+band modulation, at frequencies of the order of megacycles, 

This type of modulation requires control powers 

In this respect, internal mdulation i s  m c h  more favorable since the opti- 

c a l  control  c e l l  is allowed t o  vary 0d.y between complete transmittance and an 

absorption or  deflection of a t  most a few percent of the  l i g h t  beam. 

approach t o  equilibrium, the l i gh t  must pass the  ac t ive  volume of the laser 

several times i n  both directions,  the  frequency of the in te rna l  modulation i s  

re s t r i c t ed  t o  about 10 - 100 mc. 

Since, f o r  

For producing especially strong l ight  pulses, in te rna l  modulation i s  a pre- 



requis i te ,  

t rans i t ion  of the excitable atoms in t h e  laser, in the overwhelming majority and 

far beyond eq.(4), t o  the  upper excited state, a t  least as far as the  intensi ty  

of the  pump l igh t  and the  lasses  produced by spntaneous miss ion  etc,  pemitu 

this, 

portion of the stored excitation energy i s  then emitted in a single short-time 

spike, Maiman, using large ruby rods, obtained the  following values i n  order of 

magnitude: 

In  the blocked state, this type of modulation i s  able to produce 

On i n i t i a t ing  the laser action a t  a desired instant of time, the  available 

stored energy 1 k- joule /23 
emission period 1 psec 

peak l i gh t  current 109 W. 

According t o  ~ G l l e r  (Siemens & Halske, Munich), decoupling modulation is 

the  optimum type f o r  c o d c a t i o n s  and similar purposes, having the  lowest 

energy requirement and the  most extensive poss ib i l i t i es  with respect t o  fre- 

quency and bandwidth of the modulation. The birefringence of a KDP crystal ,  

controlled between zero and a very lowvalue, will deflect  a snall portion of 

the  internal laser l igh t  beam, 

coupled l i g h t  s t i l l  will have 100% modulation, 

Because of the  lower limit of zero, t h i s  de- 

6. Demodulation of the Light 

Whereas t randt ter  and receiver devices frequently are similar in operating 

principle, the laser i s  not suitable a t  present f o r  use as receiver amplifier. 

However, in itself any suitably designed photoelectric c e l l  can be used f o r  

reception of microwave-f requency-modulated l i gh t  , 

To eliminate unnecessary noise sources, the absorbing photoelectric e f fec t  

device and the input amplification should form one compact unit, 



In the  case of amplitude modulation, the following are in question: 

1) microwave phototubes tha t  use the photoelectrons d i rec t ly  i n  a 

traveling-wave vacuum-tube amplifier; 

2) microwave photoamplifiers with partitioned emission cathode area; 

3 )  peak semiconductor photodiodes which, on heterodyning of the  & 
double frequency as pump frequency, are simultaneously able to a c t  

as paramps. 

focusing of the  laser l ight .  

These types of photodiodes are w e l l  matched t o  the point 

Less suitable a re  photomultipliers and even less so, photoresistances. 

In the  case of frequency modulation, transverse-wave FM phototubes and 

birefringent discriminator devices a r e  in question, which permit a t rans i t ion  

to amplitude modulation. 

Designs, differ ing in basic principle from lasers, w i l l  not be fur ther  

discussed here. 

7. Pract ical  A m l i c a t i m s  of Iasers 

The New York Symposium yielded very few data cn the prac t ica l  use of lasers, 

Obviously, the laser i s  st i l l  too new fo r  multiple applications going beyond the  

stage of planning and preliminary experiments. 

a simple range radar i s  too tr ivial  to even have been mentioned during the 

Sgmposium. 

O f  course, i t s  appl icabi l i ty  as 

From the medical viewpoint, attempts a r e  made t o  u t i l i z e  the  idealfocus- 

a b i l i t y  of the  laser bearr! f o r  the cutting and punching of minute holes or, at a 

somew-hat lower dose, fo r  coagulating. In cases of retina detachment, thermal 

l i gh t  had already been used in earlier days f o r  r e a t t a c h i n g  the  retina t o  indi- 

vidual points by coagulation. In this, the lens of the  eye itself i s  used as 

19 
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the  light-focusing system. 

l i g h t  source and has been used with success. 

l i v ing  tissue, in comparison with the ef fec t  of equivalent thermal energies used 

previously, i s  entirely negligible. 

Naturally, f o r  such purposes the  laser i s  an idea l  

The e f fec t  of laser action on 

A primarily sc i en t i f i c  application i s  that of a reproduction of the  Sagnac 

test, made by the Sperry Rand Gorp. 

around an area of about 1 m2 in both directions along the  same path, a f t e r  which 

the two  l i g h t  beams are brought t o  beat frequency by re f lec t ion  from transparent 

mirrors. This pennits a highly accurate measurement of ro t a t iona lve loc i t i e s  

of 2 - sOo/min, insensit ive t o  interference by deformation of the  l i g h t  path, 

from which also the  absolute t o t a l  ro ta t iona l  angle can be integrated. 

leads t o  beat frequencies of 500 - 20,OOO cps, in accordance with the formula 

Here, gas-laser beams are made t o  travel /2r 

This 

& - = -  4wF (where w is  t h e  angular velocity of rotation, F the  area circum- 
XL 

scribed by the l i g h t  path, L the  length of the  l i g h t  path, and h t he  wavelength 

of the l igh t ) .  

A t  too law a rotat ional  speed, an interact ion of beams traveling in oppo- 

site direct ions has an interfer ing effect ;  a t  too high a velocity,  na tura l  vi- 

brat ions w i l l  be set up, with the  t o t a l  number of l i g h t  waves along the  circum- 

scribing l i g h t  path vaq5r-g by a factor  of 1. For determining a given direct ion 

in space, one could obtain a rotat ion of sui table  veloci ty  by mech;micalmeans 

from which the  integrated ro ta t iona langle  could a g a h  be mechanically sub 

tracted. 
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Principle of Laser Optics 

Fig.2 Variation i n  Emission as a Function of Time (Theoretical) 


